Abstract -The optoelectronic properties of red, green, and blue poly(fluorene) co-polymer lightemitting devices (PLEDs) on a plastic substrate having a multi-layered structure with water vapor and oxygen transmission rates of less than 10 -5 g/cm 2 -day-atm and 10 -7 cc/cm 2 -day-atm, respectively, is reported. A semitransparent thin metal multi-layer (i.e., Au/Ag/Au or Ag/Au/Ag) is placed between the plastic substrate and the ITO coating, achieving a low sheet resistance of 12-13 Ω/ᮀ and an adequate optical transmission greater than 75%. A wider color gamut and a maximum emission efficiency of 0.7, 10, and 1.7 cd/A for red, green, and blue PLEDs, respectively, was obtained. Finally, a simple equivalent-circuit model was used to simulate the current-density-voltage characteristics of PLEDs.
Introduction
Today, active-matrix organic light-emitting display (AMOLED) technology is considered as the next-generation flat-paneldisplay (FPD) technology for a large number of applications requiring different sized displays. Thus far, most of the organic light-emitting device (OLED) displays are fabricated on rigid glass [1] [2] [3] [4] or silicon substrates, 5 and several groups have reported displays fabricated on flexible plastic substrates. [6] [7] [8] [9] The use of flexible substrates is important not only for making foldable displays possible, but also for reducing the thickness and weight and providing the potential of low-cost manufacturing of large-area FPDs. However, for such applications, the substrate materials must be available in high volume at low cost. Metal foils, metal-coated plastic foils, and thin flexible glass are possible candidates, as well as plastic materials. 10 The initial investigation of flexible substrates for OLEDs was focused upon poly(ethylene terephthalate) (PET), 11 polyester, 12 and polyimide 13 because of their low-cost potential and good optical properties, which are critical when the light is emitted through a plastic substrate. In addition to the desirable optical, surface, and electrical properties, 14 it is important that the permeation of external oxygen and water through plastic substrate is minimized 10, 15 by thermal out-gassing and additional coatings. The use of plastic substrate creates special problems in active-matrix displays. The standard thin-film-transistor (TFT) fabrication method, using either amorphous or polycrystalline silicon, requires temperatures above those that can be tolerated by most plastic substrates. 9 In addition, the coefficient of thermal expansion (CTE) of plastic is usually much higher than that of silicon, so that heating leads to considerable mechanical stress. There problems are particularly severe for poly-Si TFTs. It is not easy to find a plastic substrate that possesses all the optical, surface, electrical, chemical, and mechanical properties that are desirable not only for OLEDs but also for AMOLEDs. One of the possible candidates is the plastic substrate extensively used by our group over last several years. [16] [17] [18] In this paper, we describe the organic polymer light-emitting devices (PLEDs) fabricated over the poly(dicylo-pentadiene) substrate, such as the material produced by LOFO High Tech Film GmbH under the trade name "Transphan." 19, 20 2
Plastic substrate properties
The plastic substrate used for PLEDs has a multi-layered structure that includes the base film of polydicylo-pentadiene condensate, such as fabricated "transphan" which has a high glass transition temperature (T g~1 70°C) and low birefringence [ Fig. 1(a) ]. LOFO casts "transphan og" from a solution of Arton G in methylene chloride; its chemical formula is given in Ref. 1 . To enhance the substrate's thermal stability, optical characteristics, and gas-blocking property, a multi-layered oxygen/moisture barrier (for example, a-SiO x / acrylic/a-SiO x ) was deposited on top of the base film. The acrylic and low-temperature amorphous-silicon oxide (a-SiO x ) can be used as a hard coat and oxygen/moisture barrier, respectively. 19, 20 To further reduce the gas transmission through the substrate, we added additional PECVD layers, such as a-SiO x :H and a-SiN x :H, on one side of the plastic substrate.
On top of the multi-layered substrate, the transparent conducting electrode (TCE-ITO) was defined either by dry etching using a laser-based method 19 or by wet etching. 20 To improve TCE conductivity without significantly affecting the optical transmission through the substrate, a semitransparent thin metal multi-layer (for example, Au/Ag/Au or Ag/Au/Ag) is added between the indium tin oxide (ITO) and metal oxide (ITO or SnO 2 ) layers. It is well known that a very thin silver or silver containing palladium layer placed between transparent conducting oxide layers allows for a very high electric conductivity, a good mechanical durability, and a high transparency in the visible range due to the anti-reflection effect. 21 Our TCE coating on this plastic substrate has a sheet resistance of 12-13 Ω/ᮀ, an optical transmittance of greater than 75% and a specular reflectance of less than 3% over the visible range [ Fig. 1(b) ], and a rootmean-square (RMS) surface roughness of 1.4-2.2 nm over a 50 × 50 µm 2 area. The RMS surface roughness is characterized by the following equation: (1) where X i , X ave , and N are measured values, average of the measured values, and total number of measurement for a specific area, respectively. The film thicknesses of different layers are given in Fig. 1(a) .
Organic materials properties and experiments
The light-emissive materials used in this work are based on a family of fluorene-containing alternating conjugated co-polymers developed by Dow Chemical Corp. The chemical structures of the materials are described in Ref. 22 . Table 1 shows a summary of the materials properties used in this work. Figure 2 light by a molecule comes from the electronic transitions between different electronic energy levels of a molecule [i.e., highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels]. To derive the information of HOMO and LUMO, we used cyclic voltammetry (CV) measurement methods described below [ Fig. 2(b) ]. We then used this information to construct the energy-band diagram of the fabricated devices (Fig. 3) . The photoluminescence quantum efficiency (PLQE) of the polymers is obtained by the integrating sphere method. 23 The integrated photoluminescence (PL) and electroluminescence (EL) spectra are collected by a JY spectroradiometer system equipped with an integrating sphere as the input optics. 24 An integrated system consisting of an INS250 integrating sphere coated with barium sulfate from the International Light (measure L), a programmable Keithley 617 electrometer (measure I), and a 230-V source (source V) were used for simultaneously collecting the optical and electrical data controlled by a homemade program written in the Labview language. 24 The integrating sphere was calibrated to measure the total photon flux entering the sphere system. Therefore, the current-voltage-luminous flux (I-V-L) relationship was obtained. We then derived the luminance from the measured data by assuming a Lambertian angular distribution of the emission, which was confirmed experimentally. 34 From Table 1 , we can conclude that the EL spectra of the red-, green-, and blue-light-emitting materials show a similar peak position with slight shift in position (<7 nm) in comparison with their PL spectra.
Electrochemical properties
The oxidation and reduction potentials of materials were obtained by cyclic voltammetry measurements. The cyclic voltammetry (CV) data were measured with a CHI 660A model from CH Instruments. The light-emitting polymer films were deposited on a platinum wire electrode in an electrolyte solution of TBAPF 6 (0.1 M) in CH 3 CN. The potentials were measured relative to an Ag/Ag + reference electrode (scan rate of 0.5 V/sec).
The ionization potential (I p ) and electron affinity (E a ) were derived from the respective edges of the oxidation and reduction potentials obtained by cyclic voltammetry measurements. In Fig. 2 (b), we observed oxidation and reduction peaks for the polymer thin films. Because it is believed that the edge of the oxidation potential (E ox ) represents the triggering point of the oxidation process, 17 we used this value to define the HOMO level of our emissive polymer. The edge of the reduction potential (E red ) was used to calculate the LUMO level of the polymer. It is usually assumed that the Ferrocene/Ferrocenium (Fc/Fc + ) oxidation potential (E 1/2 ) corresponds to 4.8 eV in reference to the vacuum. 17 Hence, this factor was used to estimate the I p and E a of the polymeric materials, thus defining the HOMO and LUMO levels, respectively. Different values for the light-emissive polymers are listed in Table 1 . In Fig. 2(b) , the edge of the oxidation potential of blue polymer is E ox~0 .8 V vs. Ag/AgNO 3 couple; the edge of the reduction potential of blue polymer is E red~-2.6 V vs. Ag/AgNO 3 ; and the half-oxidation potential of Fc/Fc + is E 1/2~0 .1 V vs. Ag/AgNO 3 . Therefore, I p and E a are -5.5 and -2.1 eV, respectively. By a similar procedure, we can also obtain I p and E a for red-and green-light-emitting materials.
Device optoelectronic properties
To achieve PLEDs with high efficiency and long lifetime, one basic requirement is needed: balanced electron and hole current, which results from balanced charge injection and transport. 25 The simplest PLED structure consists of a light-emitting layer (LEL) sandwiched between an anode and a cathode. Since the anode/LEL and cathode/LEL junctions have different barrier heights (Fig. 3) , it is expected that the density of generated electrons and holes (produced by electrons extraction mechanism at the anode) will be different. In addition, the carriers have different mobilities in the organic polymers. 26, 27 Hence, when the two types of carriers are generated in the LEL, they do not recombine in identical proportions and the recombination processes can take place near the electrode that produces the least mobile carriers. This will lead to a poor efficiency in luminescence because a high number of majority carriers reach the opposite electrode without encountering the minority carriers. In addition, a large density of metal-induced defects near the cathode interface can lead to non-radiative recombination. 22 The multilayer device structure effectively enhances device light-emission efficiency by incorporating an electron transport/injection layer (ETL/EIL) between an active emissive layer (EL) and a cathode 28 and/or a hole transport/injection layer (HTL/HIL) between an EL and an anode. 29 The ETL/EIL and HTL/HIL could reduce the effective energy barriers for electrons and holes, respectively. Therefore, the charge creation efficiency and subsequently their recombination rate are improved. In addition, the recombination region is moving away from the anode and cathode surfaces where a large density of defects might present, thus reducing the non-radiative recombination at the electrode surface. Our laboratory has employed the multi-layer device structure to optimize the device efficiency with a careful selection of materials and solvents to avoid damage of the polymer layers during the layer-by-layer wet spin-coating process. Table 1 shows the device results obtained in our laboratory based on red-, green-, and bluelight-emitting polymers.
For all studied red, green, and blue polymer devices, the ITO and calcium (Ca)/aluminum (Al) were used as anode and cathode electrodes, respectively. The poly(3,4-ethylenedioxythiophene) (PEDOT) doped with the poly(styrenesulfonate) (PSS) was used as the hole-injection layer (HIL). When a forward bias (ITO -positive and Ca -ground) is applied, the established electric field between ITO and Ca ( Fig. 3) triggers (a) electron injection from Ca cathode into polymer LUMO levels and (b) electron extraction from PEDOT:PSS HOMO levels into ITO anode. The electron extraction process leaves a positive charge (hole) in PEDOT: PSS HOMO levels, which can be referred to as "hole injection" from ITO electrode into PEDOT:PSS HOMO levels. When the electric field is high enough, the electrons and holes will drift/diffuse toward each other from polymer chain to polymer chain or/and within a polymer chain. Finally, a number of the electrons and holes will recombine with each other and will decay radiatively to produce visible light emission.
For red PLEDs, an organic hole-transport layer (HTL) is inserted between PEDOT:PSS hole-injection layer (HIL) and light-emitting layer (LEL). Since the highest occupied molecular orbital of the HTL (HOMO~5.3 eV) is located between those of HIL and LEL, the insertion of HTL reduces the effective HOMO level offset between HIL and LEL, reducing the device operation voltage and producing comparable or better device efficiencies in comparison with the conventional PEDOT:PSS-only devices.
Device efficiency and chromaticity are the most important opto-electronic properties of PLEDs. Typical device efficiencies obtained for red, green, and blue PLEDs in our laboratory are shown in Fig. 4 . The device efficiencies could be expressed in three common used units: (1) emission efficiency (EE), (2) power efficiency (PE), and (3) external quantum efficiency (EQE). EE is defined as the ratio of the output light intensity (cd) to the input current intensity (A); PE is defined as the ratio of the total output of optical power (lm) to the input electrical power (W); and EQE is defined as the ratio of the total output of photons to the input electrons in the following equations:
For the red polymer device, the staircase-like increase of the HOMO level -reduced effective hole injection (or electron extraction) energy barrier -between anode and LEL enhances the device efficiencies. For all the PLEDs, a low-work-function calcium cathode, which reduces the effective electron-injection barrier and enhances the device efficiencies, was used. The turn-on voltage, defined at 1 cd/m 2 , is~2.3,~2.1, and~5.4 V for red-, green-, and blue-lightemitting devices, respectively.
It is difficult to directly compare our device efficiency with other group's data because the device efficiency is highly sensitive to the device processing 30, 31 and measurement conditions. 24 As a reference, Cambridge Display Technology (CDT) has reported that the device emission efficiencies (at 100 cd/m 2 ) on a glass substrate are 1.7, 9, and 2.0 cd/A for red, green, and blue PLEDs, respectively. 32 As can be seen in Fig. 4(c) , our device emission efficiencies (at 100 cd/m 2 ) on a plastic substrate are 0.7, 8.3, and 1.5 cd/A for red, green, and blue PLEDs, respectively. Figure 5 (a) shows the electroluminescence (EL) spectra for the red, green, and blue PLEDs. We further calculated their corresponding CIE (Commission Internationale de I'Éclairage) color coordinates based on CIE 1931 chromaticity calculations. 33 We achieved the CIE coordinates of the PLEDs in a wide range of the visible spectra when employing different emissive polymers [ Fig. 5(b) ]. CIE coordinates of our PLEDs are red (0.67, 0.32), green (0.42, 0.56), and blue (0.17, 0.22). As a reference, the CIE coordinates from National Television System Committee (NTSC) are red (0.67, 0.33), green (0.21, 0.71), and blue (0.14, 0.08). Therefore, the color-mapping area of our colors is ~74% of that of NTSC's.
Angular distribution of light emission
We measured the electroluminescence spectra of the green PLEDs at different angles. 34 From this we concluded that the shape of the measured electroluminescence spectra does not change with the measured angle. We then integrated the spectral radiant intensity over the entire spectra region at each angle and we normalized integrated radiant intensity to its value at the normal angle (θ = 0°) to the plane of the PLED. The variation of the normalized photon density for different angles is shown as curve (b) in Fig. 6 . The experimental light-emission angular distribution of our green PLED is very close to that of a Lambertian light source, in agreement with published results. 35 Also we have obtained the best agreement between experimental and Monte Carlo simulated results 34 when we take into account refractions in the PLED, back reflection from the cathode, absorption in polymer layers, and interference effect in the ITO thin films. Based on these results, we concluded that all effects must be taken into consideration when we compare simulated and experimental PLED opto-electronic characteristics. For PLED to be used in flat-panel-display application, i t i s ve r y d e s i rabl e to h ave th e Lam bertian viewing-angle dependence of the light emission because it means that the display luminance is constant irregardless of the viewing angle.
SPICE modeling of PLEDs
In general, two approaches have been proposed to calculate the current density (J)-voltage (V) characteristics of the PLEDs. The first approach utilized physical models to describe the carrier-conduction mechanisms which can be responsible for the J-V curves of PLEDs. These models include a carrier-injection-dominated mechanism such as FowlerNordheim (F-N) tunneling 36 or a carrier-transport-dominated mechanism such as space-charge-limited current (SCLC) 37 or trapped charge-limited current (TLC). 38 The J-V characteristics of these models are described by the following equations:
where d is thickness of PLEDs and F is the applied electric filed. Since the J-V characteristics of our PLEDs are limited by both carrier generation at the polymer-electrode interface and conduction in polymer thin films, 39 the J-V characteristics of PLEDs can not be simply fitted to one of the above relationships when the current density of PLEDs ranges over several orders of magnitude (10 -5 -10 2 mA/cm 2 ). An allcarrier-transport mechanism should be considered in practical devices, which is a rather complex problem. The second approach utilized engineering circuit models to simulate the J-V characteristics of PLEDs. This approach is used when PLED modeling is necessary for the design of a flat-panel display. equivalent-circuit configuration to describe the injection and bulk-limited current in OLEDs. 40 Bonnassieux et al.
reported an OLED SPICE (Simulation Program with Integrated Circuit Emphasis) model in a passive-matrix configuration taking into consideration the electrical coupling of the pixels. 41 We have also used an engineering circuit model approach to simulate the PLEDs current density-voltage (J-V) characteristics to be used in active-matrix organic light-emitting displays.
Since the dark J-V characteristics of our PLEDs are limited by both carrier injection at the contacts and bulk conduction, 39 in this experiment, the J-V characteristics could not be simply described by a single diode behavior. Three parallel-connected diodes (D 1 , D 2 , and D 3 ) with serial resistors (R 1 , R 2 , and R 3 ), parallel resistor R P , and capacitor C P need to be considered in this work to accurately fit the PLED experimental J-V curves [ Fig. 7(a) ].
We used the following diode current equation for each diode: (7) where J s is the reverse saturation current of the diode, q is the elemental charge, V a is the applied bias, N is an ideality factor, k B is the Boltzmann constant, and T is temperature. 01 Ω, R 2 = 4 kΩ, R 3 = 50 kΩ, and R P = 10 MΩ. To be able to perform the simulation of transient response of PLEDs, a parallel capacitor is also added. The capacitance value of a PLED is estimated from the capacitance value of the light-emissive layer (i.e. C P = ε r ε o A/d, where ε r is the relative dielectric constant, d is the thickness (~1000 Å), A is the active device area (6 mm 2 ), and ε o is the dielectric constant of free space = 8.854e-12 F/m 2 ). The relative dielectric constants of red, green, and blue polymers are measured to be 2.2, 2.3, and 2.1; therefore, the capacitance values of red, green, and blue PLEDs are 1.22, 1.17, and 1.12 nF, respectively. It is noted that the capacitance value of a green PLED is measured to be 1.1 nF at a frequency of 10 kHz for a PLED size of 6 mm 2 , which is consistent with the estimated values. For all PLEDs operated in the low-voltage regime (before the turn-on region), the current mainly flows through the parallel connected diode D 1 ated in a high-voltage regime, D 3 dominates the J-V characteristic while the current contributions flowing through D 1 and D 2 are negligible. The difference between simulated and measured data is negligible before PLEDs are turned on as shown in logscale in Fig. 7(b) . The maximum differences after PLEDs are turned on and emit light are less than 16% for all RGB colors. It should be noted that the fitting parameters in the diode-current equation, which is introduced above, have to be carefully chosen to achieve the best possible match between calculated and experimental results. In addition, the reverse saturation current J s has the most significant effect when fitting the J-V curves in the low-voltage regime, and the serial resistors have important effect at the high-voltage regime.
In the band diagram shown in Fig. 3 , the blue PLED has a very similar band structure as the green PLED. However, the J-V characteristic curve for blue PLED shown in Fig. 7(b) is very different from green PLED. The turn-on voltage of blue PLED is about 10 V, which is 7 V higher than the green PLED, and we mainly adjust the parameters of D1 to fit the curve of blue PLED. This result suggests that the J-V model for PLEDs not only depends on the injection-dominated mechanism, but also on the carrier-transport mechanism through bulk. The three-parallel-diode model described here is a best approach to model J-V characteristics of the PLEDs to be used in the design of AMPLEDs.
Conclusions
We reported on the opto-electronic properties of red, green, and blue poly(fluorene) co-polymer light-emitting devices (PLEDs) fabricated on a flexible plastic substrate having a water vapor and oxygen transmission rate of less than 10 -5 g/cm 2 -day-atm and 10 -7 cc/cm 2 -day-atm, respectively. We obtained a wide color gamut and a maximum emission efficiency of 0.7, 10, and 1.7 cd/A for red, green, and blue PLEDs, respectively. Finally, a simple SPICE equivalent circuit model was used to simulate the PLED current-density-voltage characteristics.
